Keywords: SM50 SM50 structural domains Spicule matrix proteins Intrinsic disorder Matrix assembly Amorphous calcium carbonate Biomineralization a b s t r a c t
Introduction
An underlying organic matrix can be found in all biominerals ranging from silica to calcium as well as iron carbonates, just to name a few varieties (Falini et al., 1996; Metzler et al., 2010; Wang and Li, 2002; Gur et al., 2013; Sel et al., 2012) . And in each case, the organic component varies widely from one mineral to another, as well as within the mineral system, from species to species. The role of this organic component in biominerals has been explored by many groups (Belcher et al., 1996; Fratzl and Weinkamer, 2007; Hao et al., 2007; Weiner and Wagner, 1998; Amos et al., 2011; Evans, 2012; Fang et al., 2011; Metzler et al., 2010) . These roles include functional requirements such as enhancement of mechan ical performance and materials properties elasticity, strength, toughness (Fratzl and Weinkamer, 2007; Weiner and Wagner, 1998) . In the endeavor to understand what makes these materials 'strong' and 'high performance', several groups have looked to the use of in situ mutagenesis in these mineral systems as well as creating in vitro studies that mimic the conditions in which miner alization occurs (Amos et al., 2011; Ndao et al., 2010) . Some have ascertained the roles of these organic components to include the templating for the respective mineral components, stabilization of amorphous mineral phases, as well as inhibition of mineraliza tion (Falini et al., 1996; Foo et al., 2004; Gong et al., 2012; Metzler et al., 2010; Radha et al., 2010; Wang and Li, 2002) In complement ing these studies, we investigate the well established developmen tal model system of the larval sea urchin Strongylocentrotus purpuratus and study the mineral organic interactions of the spicule matrix protein (SMP) SM50 found in larval spicule formation.
The diversity of the organic matrix found in the larval sea urch in spicule is surprising. Over 200 proteins are found in the larval spicule (Mann et al., 2010) , which make up less than 0.1% w/v of the entire spicule (Wilt and Killian, 2008) . The interest in examin ing these proteins in the sea urchin spicule can be observed from the single crystalline properties of the spicule, while the super structure of a single spicule is observed to be smooth and curved, without providing evidence of step edges nor clues of its single crystalline properties. Politi et al. (2007) showed that adult sea urchins have the ability to regenerate their spines through an amorphous mineral precursor phase. Overgrowth experiments of the larval spicule in supersaturated solutions of calcium carbonate, reveal the preferential C axis alignment of the individual calcite Abbreviations: SM50, spicule matrix protein 50; CTL, C-type lectin; GRR, gly-rich region; PRR, pro-rich region; SUMO, small ubiquitin-like modifier; IDP, intrinsically disorder protein.
crystals that form the larval spicule (Beniash et al., 1997) . In both of these studies, observations of a component which can stabilize amorphous mineral phases as well as organize mineral at the nanoscale level requirements which lead finally to the formation of a mesocrystalline structure of both calcite and amorphous cal cium carbonate even in the adult spine . Wilt and coworkers have examined the organic matrix and revealed two large families of matrix proteins that are found during the first occurrence of mineral in the spicular mineralization space (Wilt and Killian, 2008; Katoh Fukui et al., 1991; Sucov et al., 1987) . These protein families, SM30 and SM50, have common motifs, more specifically, a C type lectin domain, as well as regions with long amino acid repeats. Specifically, these long amino acid repeats have recently been implicated in various functions ranging from mediators of multiple binding interactions as well as chaperones in signaling (Uversky, 2002; Uversky et al., 2000; Uversky et al., 2008) .
Specifically, the SM50 family is the most abundant occluded SMP found in the mineralized spicule. The primary sequences of both SM50 and SM30 families consist of homologous sequence motifs, mainly C type lectin domains and intrinsic disordered re peat domains (Livingston et al., 2006) . These C type lectin domains have been implicated in many activities including complex macro molecule assembly, carbohydrate complexation, as well as recep tor signaling processes. Interestingly, C type lectin domains in the genus Strongylocentrotus have been implicated in immunity re sponses and suggest that these domains have been co opted for biomineralization purposes through evolution (Gross et al., 1999; Silva, 2000; Smith, 2005) . As is often the case, the C type lectins discussed here require proper amounts of Ca 2+ ions to fold properly for correct structural conformations (Diao and Tajkhorshid, 2008; Fuerst et al., 2013) . In contrast, numerous intrinsically disordered repeat (IDP) domains are found in the SMPs and have no such necessity of conformation for proper function. IDP domains are natively structurally flexible due to their composition of random repeats of various single amino acids, often charged in nature including aspartic acid (D) (Ndao et al., 2010) and glutamic acid (E) (Nonoyama et al., 2012) , non charged in the case of serine (Ser), leucine (Leu), asparagine (Asp), or just glycine (Gly) and pro line (Pro). The relevance of these IDPs have been underestimated and recently, their impact in understanding the regulation and pro cessing of the proteome has been found to be essential (Uversky, 2002; Uversky et al., 2000; Kalmar et al., 2012) . Functionally, IDPs have been connected to mis folding and signaling of proteins that are involved in cardiovascular and neurodegenerative diseases (Uversky et al., 2008) . Our study will focus on the major structural domains found in SM50 as well as IDP domains. in order to delin eate their contributions to the proper function of the full length SM50 in the biomineralization of the larval sea urchin spicule.
We describe here the expression of major SM50 domains (C type lectin, glycine rich repeat, and proline rich repeat do mains) as small ubiquitin like modifier (SUMO) fusion proteins. In order to better understand the function of the full length SM50 in the biomineralization of the larval sea urchin spicule, we investigate the solution behaviors as well as the effects on the early stages of mineralization by vapor diffusion mediated growth of calcium carbonate of the major domains of SM50 as SUMO fusion proteins.
Materials and methods

Cloning and protein purification
Phusion Hi Fidelity Taq polymerase, T4 DNA ligase, restriction enzymes (New England Biolabs, Ipswich, MA, USA) and NTA Aga rose (Qiagen GmbH, Hilden, Germany) were used for cloning and protein purification. L Arginine (reagent grade, P98%) was pur chased from Sigma Aldrich.
Mineralization experiments
Calcium chloride (Fluka, 1 M volumetric solution), sodium hydroxide (Alfa Aesar, 0.01 M standard solution), hydrochloric acid (Merck, 1 M standard solution), sodium carbonate (Aldrich, anhy drous, A.C.S grade), sodium bicarbonate (Riedel de Haën, A.C.S) were used for gas diffusion and titration experiments. For potenti ometric titration measurements, a carbonate buffer composed of a mixture of 10 mM sodium carbonate and 10 mM sodium bicarbon ate mixed such that the pH = 9.75 was used.
Bioinformatics analysis
The prediction of protein disorder in SM50 (S. purpuratus, NCBI accession No. NM_214610.2) was accomplished by using DISOPRED, IUPRED and RONN algorithms (Dosztányi et al., 2005; Wang et al., 2009; Yang et al., 2005) . And the biochemical proper ties such as isoelectric point and amino acid composition were calculated using PROTPARAM (Gasteiger et al., 2005) . The putative domains for proteins were predicted using the SMART server (Schultz et al., 1998) . SignalP4.1 was used to identify the signal peptide sequences (Petersen et al., 2011) .
Cloning and protein expression
Based on the results of disorder prediction, three regions were identified, namely a 13.6 kDa C type lectin domain (CTL), a 27.2 kDa glycine rich region (GRR) and a 3.9 kDa proline rich region (PRR). These domains were intracellularly expressed as 6XHis SUMO fusion products using Escherichia coli. These are appropri ately referred to SUMO CTL, SUMO GRR and SUMO PRR, respec tively. Cloning of SM50 cDNA templates was performed in the Center for Regulatory Genomics, Beckman Institute and the Eric Davidson Lab, Division of Biology at Caltech. The pET24a backbone based plasmid for expression of SUMO fusion proteins was provided by Prof. Elke Deuerling (Department of Biology, Univer sity of Konstanz, Konstanz, Germany). Primers were designed as per the gene sequence of SM50 (NM_214610.2) using OligoExplor er 1.5 and OligoAnalyzer 1.5. The restriction sites for enzymes BsaI and XhoI were used in the forward and reverse primers, respec tively (Table 1) . Initial constructs were made in E. coli DH5A. Stan dard molecular biology procedures were followed (Sambrook et al., 1989) . The transformants were selected by plating on Luria agar ampicillin plates. The sequences of the constructs obtained were verified by capillary sequencing (GATC Biotech GmbH, Konstanz, Germany). The expression plasmids were transformed into compe tent E. coli BL21 CodonPlusRIL (Stratagene, Agilent Technologies Inc., Santa Clara, USA) cells and grown in Luria broth supplemented with ampicillin (100 lg/mL) and chloramphenicol (35 lg/mL).
After attaining an absorbance of 0.6 O.D., induction of cell culture was done by using isopropyl b D thiogalactopyranoside (IPTG, 0.5 mM) at 20°C. at 0.1 mg/mL) for (Verch et al., 2011) . This indicates that proteins SUMO CTL and SUMO PRR also modulate the formation of a PILP like phase (Gower, 2008) or a dense liquid phase (Bewernitz et al., 2012) after the nucleation event. The solubility products for SUMO GRR were about twice that of the reference in the pres ence of protein concentrations at 0.1 and 1 mg/mL. However, in contrast to SUMO CTL and SUMO PRR, the solubilities of SUMO GRR did not increase with respect to the protein content.
ATR FTIR
ATR FTIR analyses of the final titration products were per formed in order to identify nucleated calcium carbonate phases (SI Fig. 6 ). For SUMO CTL and SUMO PRR, only crystalline polymorphs vaterite and calcite were detected, with a lack of bands unique to the amorphous precursors. Specifically, the crystalline polymorphs vaterite and calcite were detected at 0.1 and 1 mg/mL, respectively for both SUMO CTL and SUMO PRR (SI Fig. 6A and C). As vaterite is the preferential phase at pH 9.75, the preference for calcite for both proteins at higher concentration suggests an influence on polymorph selection. Alternatively, in the presence of SUMO GRR (SI Fig. 6B ), ACC was formed after nucle ation, as indicated by a peak at 1066 cm 1 (Anderson and Brečević , 1991) . A shoulder peak at 1074 cm 1 was also observed, which can be attributed to proto calcite ACC (Gebauer et al., 2010) . Our re sults indicate that the glycine rich repeat domain mediates ACC stabilization as well as directs the formation of the proto calcite polymorph.
In order to accurately consider the effect of the SUMO fusion tag on the titration results, experiments were performed using the purified 6(X) SUMO tag as an additive at 0.1 mg/mL (SI Fig. 7) . The plot of free Ca 2+ ions versus time displayed a minor decrease in slope in the pre nucleation regime. The time required for nucleation (s nuc = 1.2) was slightly lower than those observed in the reference experiments and the solubility product after nucleation product did not change significantly (1.06 times the ref erence solubility). Although, the slight increase in solubility could be on account of a glutamate residue that constitute the SUMO protein (Smt3p, NCBI accession NP_010798), the increase is within statistical variation of the reference solubilities. Thus, the SUMO expression system appears ideal for the expression of biomineral ization proteins especially for titration studies.
Conclusion
The present study demonstrates the distinct roles of major SM50 domains in terms of self assembly, protein secondary structure conformation and calcium carbonate mineralization. The globular SUMO CTL domain investgated here does not display self assembly, but does influence mineralization as demonstrated by gas diffusion and titration studies. Several proteins from the spicule matrix family contain CTL domains in their sequences, hinting at the possibility that this domain may be required for bio mineralization processes. The SUMO glycine rich repeat domain of SM50 displayed aggregation and formed large protein superstruc tures. It is likely that during sea urchin spiculogenesis, such protein self assembly drives ACC stabilization and mineral organization in a manner analogous to amelogenin and calcium phosphate interac tions (Fang et al., 2011) . Whereas, the SUMO fusion proline rich repeat domain leads to the formation of calcium carbonate parti cles with distinct morphologies as well as affected the early stages of mineralization. Although this protein showed some aggregation behaviors, no change in secondary structure in response to an increase presence of Ca 2+ ions was observed. A scheme summariz ing the diverse behavior of these domains in mineralization processes in relation to the full length SM50 protein is shown (Fig. 8) . By examining these major constituents of SM50, we provide clues on the function of the full length SM50 protein as well as the assembly mechanism of SM50 with calcium carbonate mineral phases into the larval sea urchin spicule.
